Summary : Investigations on the manufacture of synthesis gas by direct partial oxidation of methane with metallic oxides in a fixed bed were made . From the equilibrium consideration and the experimental results, it was known that iron oxide-alumina was the most adequate oxygen carrier and the addition of alumina to iron oxide had effects on the promotion of reactivity.
Introduction
The following process is introduced for manufacturing synthesis gas from natural gas by oxidation, which is quite different from the conventional methods : that is, natural gas is oxidized with a suitable metallic oxide to carbon monoxide and hydrogen ; and then, the reduced metallic oxide is reoxidized with air for use again.
This process is shown by the following equation, in which the metallic oxide is indicated by MOx :
CH4+MOx--CO+2H2+MOx-1 After all, synthesis gas are manufactured from natural gas and air in this process.
It is a process of exothermic as well as partial oxidation of natural gas, and its heat economy is better than the reforming of natural gas. Further, costly oxygen can be replaced by air in this process, and nitrogen in air is not mixed with gases for synthesis, which shall be used for synthesis of methanol. However, the ratio of oxygen in the metallic oxide to methane in surroundings is far more than the stoichiometric ratio in Eq. (1). Therefore, undesirable complete combustion of carbon monoxide and hydrogen to carbon dioxide and water may proceed under this condition.
Partial oxidation of methane with metallic oxide (Eq. 3) is the combination of the following equation (dissociation reaction of metallic oxide) and Eq. (1). As K1 and K2 are equilibrium constants of the reactions (1) and (2) to which metallic oxides are not related, the following decision shall be brought from Eqs. (6), (7), and (8). When stable metallic oxides with large heat of dissociation are used, partial oxidation of methane is relatively superior to its complete combustion, but equilibrium constant of partial oxidation itself is smaller. While, when unstable metallic oxides with small heat of dissociation are used, equilibrium constant of partial oxidation of methane is larger, but its reaction is relatively inferior to complete combustion. Therefore, it should not be adequate to use stable metallic oxides with too large heat of dissociation or unstable oxides with too small heat of dissociation as oxygen carrier. in the experiment is shown in Fig. 1 . As the Fig. 1 Apparatus reaction temperature was so high that the reaction tube was made of opaque quartz with inner dia. of 22mm., and was heated electrically. The metallic oxide was placed in the part of uniform temperature.
The temperature was measured by Pt-PtRh thermocouple whose junction was placed at the centre of the packing. Air was passed through the reaction tube to attain to the reaction temperature and then after the air in the apparatus was completely replaced with nitrogen.
Raw methane, being regulated with needle-valve at constant flow rate, was introduced into the top of the reaction tube through flowmeter and dryer. Water vapour in the generated gas was condensed and separated away by cooler and water separator, and the gas was led to a gas-holder. Sample gas for analysis was sampled at sampling cock for almost a definite volume at any times, and it was subjected to ordinary absorption analysis. Iron Oxide-Alumina-Chromic Oxide-Iron oxide-alumina (wt. ratio 7 : 3) obtained by And Cu has also the same behavior.
Therefore, the following six kinds of metallic oxides were used for experiment. variations of methane conversion and carbon monoxide selectivity with time, in the runs with manganese dioxide-alumina, chromic oxide-alumina and cupric oxide-alumina were used. When manganese dioxide-alumina was used, conversion was large at the beginning, and most of the gas was carbon dioxide, which showed the complete combustion of methane. After nearly 10min. selectivity was increased to about 80%, but conversion was decreased to about 10%, which gave practically no good nickel oxide-alumina was used, methane was subjected to complete combustion in the initial period and then remarkable deposition of carbon with producing almost 10% of carbon monoxide. Almost the same result as the former was obtained by cobalt oxide-alumina, but the combustion of methane was slightly less complete than the former, and a smaller quantity of carbon monoxide was produced.
Changes in the composition of generated gases with time in the run with iron oxidealumina are shown in Fig. 4 and changes of methane conversion and carbon monoxide selectivity with time are shown in Fig. 5 .
This oxide is different from any others mentioned above ; complete combustion of methane happened as before at first, and then carbon monoxide and hydrogen were generated for a considerable period. Calculating the oxygen transferred from iron oxide to the generated gas, it is seen that the oxide has the average Bulletin of The Japan Petroleum Institute Synthesis Gas from Natural Gas As mentioned above, methane was easily oxidized to carbon monoxide and hydrogen with iron oxide-alumina (30% alumina was added) at much lower temperature than that of Ogawa et al. in which pure iron oxide was used. This would be caused by the addition of alumina to pure iron oxide. And then the In the both cases, complete combustion of methane happened at the beginning of reaction, and soon after methane conversion was rapidly decreased.
And then generation of traces of carbon monoxide and hydrogen continued for a long time. When pure iron oxide was used, the stage of low methane conversion continued for more than 3hr., and then methane conversion was gradually increased. Comparing Fig. 7 with Fig. 5 , the content of carbon monoxide was fairly increased just before the carbon deposition in the case of pure iron oxide as well as in that of iron oxide-alumina (7 :3). However, both methane conversion and CO content in the former were inferior to those in the latter, and carbon monoxide selectivity in both cases was nearly equal to each other. Moreover, when only 2% of alumina was added, the time until content of carbon monoxide in generated gas became maximum was slightly but clearly shortened, and when 30% was added, it was very much shortened. It was also observed that by the addition of 2% of alumina both methane conversion and CO content just before the carbon deposition increased more than those in pure iron oxide. From the same viewpoint, the effects of the addition of various kinds of metallic oxides to iron oxide-alumina (7: 3) was examined. The results of the addition of alkali (K2O), chromic oxide, and manganese dioxide are shown in Fig. 8 . When these results were compared with Fig. 5 , following effects were observed.
The addition of only 2% of alkali decreased considerably methane conversion throughout the whole stage. Either methane conversion or CO content at the beginning of the carbon deposition was somewhat less. Therefore, addition of alkali was not desirable. And also, the addition of chromic oxide or manganese dioxide was not desirable as that of alkali, which made methane conversion lower. Effects of Reaction Temperature : The effects of reaction temperature, with 10g of Fe2O3-Al2O3(7 : 3) and SV = 100, were examined and the results are shown in Fig. 9 and Fig. 10 . carbon in the generated gas was just lost, was indicated in this Figure, which was extrapolated to the fraction of carbon deposition =0%. The conversion of methane at the beginning of carbon deposition was only about 30% at As shown in Fig. 10 , selectivity was very small at the beginning of reaction, and then increased rapidly and maintained a constant value for a while.
These values for various temperatures increased with the rise of reaction temperature, but the tendency was not so remarkable as that of conversion. When hydrogen is present as a reducing gas, the surface contact to hydrogen is not Fe3O4 but Wustite layer, and the following reaction proceeds (Wustite will be indicated as FeO).
The produced
Fe diffuses as Fe++ due to the concentration gradient from FeO layer to internal Fe3O4 to reduce the latter.
Accordingly, the following reduction reaction proceeds practically as the combination of reaction (8), diffusion of Fe++ in FeO layer, and reaction (9).
If the reaction in this experiment proceeds in practical as Wagner's theory, hydrogen and carbon monoxide present in the generated gases react with FeO respectively as Eq. (8) shown in Fig. 10 , selectivity of carbon monoxide maintains an almost constant value after attained to the equilibrium value of Eq. (11) at each reaction temperature. As shown in Fig. 11 , it is known that constant value is not changed though methane flow rate is changed. Accordingly, it is concluded that at the stage monoxide is in equilibrium value at each reaction temperature, the both reactions of Eq. (8) and (11) are at equilibrium ; while, it is shown by the experiment that methane conversion is considerably small at this stage. Therefore, it is supposed that reaction (3) or (4) is the rate-determing step and reaction (8) and (11) are at equilibria at the latter stage of FeO1.33
At the stage beyond FeO, in general, selectivity of carbon monoxide has a tendency to exceed the value obtained from the equilibrium of reaction (11). At this stage, FeO is reduced to be decreased and at the same time metallic iron is gradually increased, so it is supposed that it is difficult to attain to the equilibria of the reaction (8) and (11). However, it should be impossible to conclude that primary reaction of methane is not Eq. (3) but Eq. (4), merely on the experimenial result that equilibrium is unbalanced in the direction of selectivity increase of carbon monoxide. Because, metallic iron formed by reduction is a catalyst which promotes any reactions of (5), (6) , or (7), and increases the selectivity of carbon monoxide. In addition, it is difficult to consider clearly the mechanism of reaction at the stage beyond FeO, which will be described in detail in the later report made on fluidized bed.
iii) Increase of layer thickness Though SV was small as seen in Fig. 11 , the values of selectivities were equal to the equilibrium value of the reactions (8) and and (11). By the above results, it is con sidered to make SV smaller for the purpose of increasing conversion at low reaction temperature without loss in selectivity. In addition, it is desirable practically to diminish the frequency of Blow and Make. In the next, the stage more reduced than FeO1.33 (corresponding to Fe3O4) will be considered. Unless the reaction is zero order for methane, quantity of methane which reacts at inlet is considered to be larger than that at outlet. Therefore, at the stage beyond FeO1.33, also the state of inlet is more reduced than that of outlet, and this difference of reduction grade is more remarkable with the increase of the layer thickness. at first, and then the product gas containing mainly carbon dioxide and water, in which the carbon balance is lost, will be generated.
Conclusion
1) From the considerations of equilibrium and physical properties, the kinds of metallic oxides being possible to be used for oxygen carrier are not so many. On comparing these oxides by experiments, iron oxide-alumina is the most adequate.
2) The reactivity of iron oxide with methane is promoted by the addition of alumina to iron oxide. In particular, it is remarkable at the 3) Reactivity is decreased by each addition of alkali, chromic oxide, and manganese dioxide to iron oxide-alumina. However, selectivity of carbon monoxide is somewhat promoted by the addition of manganese dioxide or chromic oxide. 4) When methane is partially oxidized with iron oxide-alumina to generate carbon monoxide and hydrogen, there are two stages of average FeO0.8 . Conversion of methane is higher at the latter stage than at the former ; selectivity of carbon monoxide at the former stage gets to the equilibrium value of but increased gradually at the latter stage. Water gas shift reaction is at the equilibrium at the both stages.
5) When reaction temperature is higher, conversion of methane at the both stages is increased. Fairly good gases are generated at 6) Assuming that Fe3O4 is reduced by the agent of FeO (Wustite), selectivity of carbon monoxide is increased to get to the following equilibrium value with the thicker layer of FeO, and then it is supposed that reduced metallic oxide begins to be accumulated on the surface. The rate-determing step is supposed to be following reaction, and following reactions are at equilibrium. 7) At the stage beyond FeO, the following equilibria will be difficult to establish because of the decrease of FeO :
The proceeding of decomposition reaction or reforming reaction of methane by catalytic reaction of metallic iron formed by reduction will be also taken into consideration.
8) The difference of reduction grade of iron oxide throughout the bed is seen ; that is iron oxide at inlet is more reduced than at outlet.
It is supposed that gases, of which the carbon balance is lost, are generated when iron oxide at inlet is reduced to a certain state.
Therefore, when layer thickness is too large, the yields of carbon monoxide and hydrogen will be smaller.
